The eccentricity of a system of two planets locked into a 2:1 resonance grows as the planets migrate inwards through a gaseous protoplanetary disk. We show that this can lead to large eccentricities of the inner planet, even when the outer planet has a mass low enough to have eluded detection with current surveys. If most of the observed extrasolar planetary systems initially harboured extra planets at resonance, their mutual interaction could account for the ubiquity of significantly eccentric orbits. This mechanism can be tested by searching for resonant outer partners to known extrasolar planets, which we predict to be of lower mass and with lower eccentricity than the inner planet.
INTRODUCTION
Radial velocity surveys show that of the order of 10% of nearby solar-type stars have massive planetary companions at radii 0.03 AU < a < 3 AU Udry, Mayor & Queloz 2001) . Apart from the 'hot Jupiters' at a ∼ < 0.1 AU -for which tides can circularize the orbit -almost all have significant orbital eccentricity. Roughly half have e > 0.4, while the remarkable planet around HD 80606 has e = 0.93 ± 0.01. This striking result is not easy to explain. One theory posits that the detected planets are left over from initially richer unstable multiple planet systems. Some of the planets were ejected, while the survivors of the chaotic gravitational interactions were left in eccentric orbits. This undoubtably works in principle (Rasio & Ford 1996; Weidenschilling & Marzari 1996; Lin & Ida 1997) , though these models face problems in accounting quantitatively for the properties of observed systems Ford, Havlickova & Rasio 2001) . Alternatively, the gravitational interaction of a single planet with the protoplanetary disk could lead to the growth of orbital eccentricity (Artymowicz 1992) . Recent simulations, however, suggest that this occurs only for masses m p ∼ 20m Jupiter , well above those of most extrasolar planets (Papaloizou, Nelson & Masset 2001) . A related logical possibility is that protoplanetary disks could be unstable to the growth of eccentricity even in the absence of planets (see Ogilvie 2001 for a discussion of whether this can occur).
Only a handful of stars with multiple extrasolar planets are known. In two cases -HD 82943 and Gliese 876 ) -the orbits of the planets are in a 2:1 resonance (i.e. the orbital periods differ by a factor of two). The eccentricities in these particular systems seem likely to be related to the existence of the resonance, since any violent planet-planet interactions with yet more planets would probably have destroyed it. Motivated by this, and by recent theoretical work ( in this letter how the eccentricity of two resonant planets evolves as they migrate through a gas disk. We show that significant eccentricities can be produced even when the outer planet has substantially lower mass than the inner planet. The eccentricities of some of the observed extrasolar planets could therefore have arisen from interactions with as yet undetected companions in resonant orbits.
ECCENTRICITY FROM MIGRATION AT RESONANCE
We assume that two massive (of the order of the mass of Jupiter) planets have formed in the protoplanetary disk, and have become captured into a 2:1 resonance during the course of orbital migration. Numerical simulations of planet-disk interactions (Bryden et al. 1999; Lubow, Siebert & Artymowicz 1999; Nelson et al. 2000; Kley, D'Angelo & Henning 2001) show that the interaction of the planets with the disk will resemble that shown in Fig. 1 . A gap in the disk surface density will be cleared between and around the planets, which experience gravitational torques from waves excited in the disk. The torques lead to inward orbital migration, and usually act to damp eccentricity.
In this configuration, however, the damping of eccentricity is likely to be substantially reduced. The inner planet sees a very wide gap outside its orbit, since there is little room for gas to be trapped between the two planets (Bryden et al. 2000) . The influence of the disk inside the inner planet will also be small. This material can drain readily onto the star and so will be severely depleted. Approximately, therefore, the situation is one where the outer planet experiences a disk torque that leads to migration and to damping of eccentricity, while the inner planet's motion is unaffected by the disk.
We model the evolution of the resonant planetary system as a 3-body system in which the disk torques on the outer planet are treated as drag terms. Specifically, we damp the heliocentric azimuthal velocity v φ according to,
where γ φ is a constant. The radial velocity is similarly damped with a constant γ r . The orbits are integrated using the SWIFT package developed by Hal Levison and Martin Duncan 1 . We use the Bulirsch-Stoer integration option, with 300 timesteps per initial orbit of the inner planet, and a tolerance parameter ǫ = 10 −12 . We have checked that the results do not depend upon these numerical details. Fig. 2 shows the results of a single run. The inner and outer planet masses were 2 × 10 −3 m * and 6 × 10 −4 m * respectively, where m * is the stellar mass. The orbits were initially circular, coplanar, and close to the 2:1 resonance. Radial migration of the outer planet was induced in the manner described above, with γ φ chosen so that the migration timescale (defined as the time required for the orbital radius to halve) was 2 × 10 5 times the initial orbital period of the inner planet. Scaling to a physical radius of 2 AU in a disk around a solar mass star, the migration timescale is ≈ 6×10 5 yr, which is a reasonable value (e.g. Trilling et al. 1998) . The eccentricity damping is caused by resonant interactions with the disk, and the damping timescale is expected to be shorter than the migration timescale. We take γ r = 10γ φ , but vary this parameter in other runs. This choice implies a damping rate that is more than an order of magnitude smaller than that expected in the eccentricity damping model of Goldreich and Tremaine (1980) . But, the damping rate could be smaller than suggested by that model, due to various effects such as larger gap clearing (see Section 3.1). The damping rate is also a function of eccentricity, but we make no attempt to include that here.
Once captured into resonance, the (undamped) inner planet migrates inwards in step with the forced migration of the outer planet. As the orbits shrink, the eccentricities grow. This growth in eccentricity is a general property of migration of planets at resonance, and arises as a consequence of adiabatic invariance (see Yu & Tremaine 2001 for a detailed analytic and numerical description). For this run, the eccentricities saturate once the planets have moved inwards by a fractional amount ∆r/r ∼ 0.2, at approximately e = 0.4 and e = 0.1 for the inner and outer planet respectively. Provided that it is slow, changing the migration rate makes little difference to the outcome.
With judicious choice of parameters, reproducing the properties of Gliese 876 using this mechanism is fairly straightforward. For HD 82943, the eccentricities of the two planets are more nearly equal (e = 0.54 ± 0.05 for the inner planet, e = 0.41 ± 0.08 for the outer planet), and therefore harder to match. If we want to attribute the eccentricities of other extrasolar planets to this process, however, we require that significant eccentricity be generated even when the outer planet is of low enough mass to have eluded detection to date. The known resonant systems both have m outer /m inner > 1. We suggest that there might exist a larger population for which, as with Jupiter and Saturn in the Solar System, the mass ratio is reversed. Fig. 3 shows results from a series of runs in which the mass of the outer planet, and the strength of the damping of its eccentricity, were varied. The outcome depends principally upon the damping strength. Strong eccentricity damping of the outer planet leads to saturation of the eccentricities of both planets at modest values, while weaker damping allows growth to continue until the inner planet has eccentricity as large as e ∼ 0.6. In a more complete model, the saturation of e will depend upon how the damping responds to the growing eccentricity. Here, we simply emphasize that substantial eccentricity is possible even for quite extreme mass ratios between the planets, m outer /m inner = 1/8. Taking account also of the larger orbital radius of the outer planet, this mass ratio implies a radial velocity signature due to the outer planet that is an order of magnitude weaker than for the inner planet. The signatures of such low mass planets in resonant orbits could then have been lost in the noise of current radial velocity searches (Cumming, Marcy, & Butler 1999) .
With the extreme properties of HD 80606 in mind, we note that even weaker eccentricity damping (which is probably unlikely for typical protoplanetary disk models) leads to still greater eccentricities.
DISCUSSION

Radial variation of planetary eccentricity
The eccentricity distribution of extrasolar planets is not constant with radius. After excluding the approximately circular orbits of the hot Jupiters, planets at radii a ∼ < 0.2 AU are systematically less eccentric than planets at larger radii (e.g. Butler et al. 2001 ). This trend cannot be explained as arising from tidal interactions between the planet and the star.
In the model for eccentricity presented here, the final eccentricity of planets is linked to the ability of the disk to damp eccentricity. Interestingly, entirely independent theoretical considerations suggest a change in disk properties at a critical radius of a few tenths of an AU. Inside this radius, the disk is hot enough to sustain magnetohydrodynamic (MHD) turbulence. Further out, in a cooler exterior regior of the disk (extending to a few AU), disk turbulence is suppressed and restricted to the disk surface layers due to the limited ionization (Gammie 1996; Armitage, Livio & Pringle 2001) . Planets in this quiescent region will open a wider gap because the disk has lower viscosity (Lin & Papaloizou 1993) and greater vertical isothermality (Ogilvie & Lubow 1999) . The wider gap, in turn, implies less efficient damping of eccentricity. Qualitatively, at least, this change in disk properties is consistent with the variation in the observed eccentricity distribution of extrasolar planets.
Probability of multiple planet formation
An obvious objection to the model, which can also be levelled against the planet-planet scattering theory (Rasio & Ford 1996; Weidenschilling & Marzari 1996; Lin & Ida 1997) , is that it requires that more than one planet formed in essentially all of the currently observed systems. This means that the conditional probability of forming an extra planet, once one has already formed, must be high.
We believe that a high conditional probability of a second planet forming is not as unlikely as it may appear. Assembling the cores of massive planets is difficult, because their progenitors of around an Earth mass are predicted to migrate extremely rapidly through the gas disk (Ward 1997 ). This loss mechanism, which has only partially been included in models of giant planet formation (Papaloizou & Terquem 1999; Papaloizou & Larwood 2000) , may re-strict the fraction of disks that are able to form massive planets. However, once one planet has managed to form, further assembly of cores is likely to be easier. Trapping of low mass bodies into resonances with the giant planet, the physical barrier of the gap, and the possibility that waves may be reflected off the gap edges, could also slow down migration of subsequent planetary cores. Multiple planet formation could then be very probable in disks that are able to take the first step and form one massive planet.
CONCLUSIONS
We have shown that two massive planets, migrating inwards through a protoplanetary disk while locked in a 2:1 resonance, develop significant orbital eccentricity. Large eccentricities, comparable to those at the upper end of the observed distribution for extrasolar planets, are possible provided that the damping of eccentricity due to the gaseous disk is not too strong. What matters most is the planet-disk interaction at the epoch when the disk is disappearing, since this final interaction is vital in determining the observed properties of the resulting planetary system.
In this model for eccentricity growth, migration is an essential element. It works better as the orbits get smaller, and so is applicable to the currently observed systems which almost certainly did not form in situ (Bodenheimer, Hubickyj & Lissauer 2000) . Planets which have not migrated through the disk are predicted to have smaller eccentricities.
To attribute the ubiquity of eccentric extrasolar planets to this resonant migration mechanism, we must postulate that most of those planets possessed resonant partners shortly after formation. Not all of those outer planets will have survived -gravitational interactions with yet more planets could have ejected them. Neveretheless, we predict that many more resonant multiple planet systems could exist, with the outer planet being typically (since it has not been detected to date) of lower mass and with lower orbital eccentricity than the inner planet. We suggest a targeted search of the radial velocity data for resonant partners to known extrasolar planets, which ought to be able to reach a lower mass threshold than a blind search. Fig. 1. -Illustration of the assumed geometry of the planet-disk system. The two planets orbit in a 2:1 resonance inside a gap cleared in the gas disk. The outer planet is forced to migrate inwards by gravitational torques from the outer disk, which also act to damp its eccentricity. The inner planet migrates in step due to gravitational coupling to the outer planet. The direct influence of the disk on the inner planet is weak because (i) the inner disk has drained onto the star, while (ii) the distance to the outer disk is large. Fig. 2. -Evolution of the orbital radii and eccentricity of the planets, in time units where the initial orbital period of the inner planet is unity. The masses of the planets were 2 × 10 −3 m * for the inner planet, and 6 × 10 −4 m * for the outer planet. Damping was applied to the motion of the outer planet as described in the text. The planets migrate inwards locked in a resonant configuration, and the eccentricity grows before eventually saturating. The short timescale oscillations in e evident in the lower panel are smoothed in subsequent figures. Fig. 3. -Plots of the eccentricity evolution of the inner (upper curve) and outer planets (lower curve). The inner planet always has a mass of 2 × 10 −3 m * , while the outer planet mass is either 6 × 10 −4 m * (solid curves) or 2.5 × 10 −4 m * (dashed curves). The three panels show models with different strengths of outer planet eccentricity damping. The strongest eccentricity damping case in the upper panel has γr = 50γ φ , the middle panel has γr = 10γ φ , and the lower panel γr = 3γ φ . Eccentricities of the inner planet in the range e = 0.2 − 0.6 can be produced for a range of outer planet masses and assumed disk damping.
